We study all the SU(3) baryonic states known experimentally and identify them in the scheme of the deformed oscillator quark (DOQ) model. The DOQ model is motivated by confinement of quarks and chiral symmetry breaking, which are the most important nonperturbative phenomena of QCD. We find most of the baryonic states fall into the DOQ scheme. We then attempt to study the microscopic origin of the DOQ model using a model of three constituent quarks with two-body interactions. We find, however, that such a simple treatment is not able to produce the large deformation effect. We argue then that the confinement caused by the gluon dynamics is essentially important for the deformed baryons. §1. Introduction
§1. Introduction
There exist many models for baryons. As a typical model based on quarks, the MIT bag model assumes that the interior region surrounded by a bag is in the Wigner mode and the quarks inside the bag have the current quark mass. 1) Constituent quark models such as the one of Isgur and Karl assume that chiral symmetry breaking imparts finite masses to the constituent quarks, which are confined by a confining force. 2) In a meson picture, the Skyrme model, for example, describes the nucleon and the delta as soliton solutions of chiral pions.
3) The Skyrme model seems to imply that the coupling of the nucleon and the delta through the pion is very important for the dynamics of nucleons and delta isobars. The chiral bag model connects the MIT bag model with the Skyrme model by introducing pions outside of the bag. 4) Considering this situation, it seems important to look at the existing data from a different point of view. We should try to learn more from the experimental data. The Gell-Mann-Okubo mass formula for the flavor octet and decouplet baryons in the ground state provided an important information concerning the masses of constituent quarks. 5) It is now very interesting to look into excited states on these ground states to seek some simple interpretation for baryons. There are many studies using various approaches. It is not our intention here to mention all of them, but rather, we would like to concentrate on the possibility of deformed baryons in the excited states, as found by Toki et al. 6) and Bhaduri et al. 7) in the early 1980s. In particular, the use of the deformed oscillator quark (DOQ) model provides a simple method to treat the appearance of deformation and the corresponding rotational states. Comparison of the DOQ model with experiments has been done for some baryonic states. 8) In this paper, we would like to extend this analysis to all known baryons existing in the flavor SU (3) sector. We then find a very simple systematics that explains almost all four and three star states as well as nearly half of two and one star states.
Hence, we would like to first discuss the deformed oscillator quark (DOQ) model in §2. We present a systematic analysis of all the existing SU (3) baryons using the DOQ model as the guiding model in §3. Section 4 is devoted to a conclusion and discussion. §2. Deformed oscillator quark model
We consider a simple model for the description of baryons in terms of constituent quarks. The masses of constituent quarks can be generated by chiral symmetry breaking. 9) We then adopt a non-relativistic quark model, which is considered to be a good starting point for the description of hadrons, as inspired by the successful work of Isgur and Karl. 2) Chiral symmetry breaking naturally produces pseudoscalar bosons as the Nambu-Goldstone bosons. In the present analysis, however, we do not include this aspect in order to emphasize the importance of the dynamics of deformation.
The constituent quarks are assumed to be confined by the gluon dynamics. 10), 11) We imagine that the gluon configuration is highly non-trivial in the QCD vacuum and hence in the region where quarks are not present. The properties of the QCD vacuum gradually change in order to allow quarks to exist in the interior region. We may formulate this using the dual Ginzburg-Landau (DGL) theory. 10) In the present systematic study of SU (3) baryons, we express the complicated confinement dynamics by the deformed harmonic oscillator potential. 6), 7) The Hamiltonian is then written
A linear potential V (r) ∼ r would become more realistic for a confinement potential at large distances. 10) We study this potential in the Appendix. Here, we assume that for the discussion of the ground state and low lying excited baryons, the confinement may be described reasonably well by the harmonic oscillator potential. Furthermore, the advantage of using the harmonic oscillator potential is that analytic calculations are possible at many stages. This helps us see the essential physics of deformation. Once again, we emphasize that the Hamiltonian (1) should be regarded as an effective Hamiltonian for complicated dynamics of QCD. The oscillator parameters are assumed to satisfy the volume conservation condition, ω x ω y ω z = ω 3 0 . We may relax this condition as our knowledge regarding confinement increases. As anticipated, we do not include other terms, such as those for the pseudo-scalar boson degrees of freedom, which naturally arise as the NambuGoldstone bosons of chiral symmetry breaking. 12) The masses of constituent quarks are taken to be about 300 MeV for all three quarks. The effect of slightly heav-ier (constituent) strange quarks may be treated as corrections to our present study. This difference in the constituent quark masses for up, down and strange quarks is responsible for the Gell-Mann-Okubo mass relations. 5) The system of the deformed oscillator potential has been worked out in detail for nuclei by Bohr and Mottelson 13) and was applied to the deformed oscillator quark model in Refs. 7) and 8). We can solve the system of three valence quarks with the removal of the center-of-mass coordinate. The intrinsic energy can then be expressed as
where the N i (= n λ i + n ρ i ) are the sums of the oscillator quanta of the intrinsic motion in the Jaccobi coordinates, λ and ρ. The minimum energy is then searched for under the variation of (ω x , ω y , ω z ) with the constraint ω x ω y ω z = ω 3 0 for each set of principal quantum numbers, (N x , N y , N z ). Assuming an axially symmetric shape around the z-axis, the lowest three states are given for N ≡ N z = 0, 1 and 2. Their shapes are found to be spherical for N = 0, prolately deformed with a ratio of 2 to 1 for N = 1 and prolately deformed with a ratio of 3 to 1 for N = 2. The ratios of the corresponding oscillator parameters are ω x : ω y : ω z = 2 1/3 : 2 1/3 : (1/2) 2/3 and ω x : ω y : ω z = 3 1/3 : 3 1/3 : (1/3) 2/3 , respectively. It is then natural to identify the N = 0 state with the ground state baryons, the N = 1 state with excited baryons of negative parity and the N = 2 state with those of positive parity. The spatial deformation of the intrinsic state is characterized by the ratio of these oscillator parameters:
We must perform an angular momentum projection when the intrinsic state is deformed. This projection can be done by using the Hill-Wheeler projection method. 14) The excitation energy of a state of orbital angular momentum L is written as
Here E int is obtained by the minimization condition for each N . The moment of inertia I which is also a function of N is calculated using the cranking formula. 13) Since the intrinsic state is symmetric around the z-axis, we only consider rotation around the x-axis. For a given state |N , I is expressed as
where |N is a deformed intrinsic state labeled by the oscillator quanta, and L x is the x-component of the angular momentum operator L. The quantity L 2 is the average angular momentum of the intrinsic state. Actual numbers for these quantities are tabulated in Ref. 7) .
The mass formula (3) should be compared with excitation energies of excited states rather than their absolute masses. They are measured from the ground state energies of N (938), Λ(1116), etc. Thus the mass formula contains essentially only one parameter, ω 0 , which is determined by the average of excitation energies of the first 1/2 + (Roper like) excited states. The resulting value is ω 0 = 644 MeV. * )
Coupling the intrinsic spin S of three quarks with the orbital angular momentum L, for example S = 1/2, we construct mass spectra for nucleon excited states, as shown in Fig. 1 . On the left-hand side we show the theoretical results: one for the positive parity states of L = 0, 2, 4 and the other for the negative parity states of L = 1, 3. Theoretically, two spin states J = L ± 1/2 become degenerate when the spin-orbit coupling is ignored, as experimental data suggest. On the right-hand side of Fig. 1 , experimental masses of well established nucleon excited states with four and three stars are shown. 15) One exception is the 5/2 − state of D 15 (2200) with two stars. It is very likely for this state to form a spin doublet with G 17 (2190).
Considering the simplicity of the DOQ model, it is remarkable that many observed states fit nicely into the DOQ scheme. In particular, the first 1/2 + excited state, the Roper resonance, appears near the first 1/2 − excited states. In the DOQ model, the energy subtraction due to the angular momentum fluctuation, L 2 h 2 /2I, is significant. The sum of the rotational energy and the energy subtraction results in the theoretical Roper state very close to the observed one. If we inspect the spectra in more detail, we see that theoretical masses of the 1/2 − and 3/2 − states appear below the experimental masses. Shifting up the theoretical masses by a constant In the theoretical spectrum, L for each state denotes the orbital angular momentum. The intrinsic spin, S = 1/2, is coupled to L to form total spin states, which are denoted on the right-hand side of each state. The rotational bands are formed on the first excited deformed positive and negative parity intrinsic states. The corresponding experimental spectrum, taken from the particle data group, 15) is shown on the right-hand side of this figure. Except for the 5/2 − state, which is identified with two stars, all the states are identified with four stars by the particle data group.
15) * )
In a previous work, we obtained ω 0 = 607 MeV by using a slightly different sample of excited states.
8)
amount, the agreement would become better. This could be achieved by relaxing the volume conservation condition. However, we refrain from doing this at this point, since we expect more important effects due to, for example, meson-baryon chiral dynamics. 16) §3. SU (3) baryon spectra
If the fundamental structure of the excitation spectrum is produced by flavorindependent gluon dynamics through confinement and chiral symmetry breaking, we should see a similar pattern in other multiplets of the spin-flavor group. We are, therefore, in a position to systematically study the experimental spectra. We concentrate here on SU (3) baryons, since we expect that the confining regions of these baryons are of the same order due to the similar constituent masses of u, d and s quarks. At the same time, there are sufficient data to carry out a systematic study for the SU (3) baryons. The situation is very different for the case of baryons with heavy quarks, such as charm or bottom baryons.
Let us now arrange experimental data listed in the particle data table. 15) There are altogether 50 well observed states with three and four stars, where the spin and parity are assigned. Forty-nine of these states (with ∆ D 35 (1930) the sole exception) are classified according to the grouping of the DOQ model, as shown in Table I . The nature of the unclassified state will be discussed later. In this table we also include 13 more states from one and two star states, as they fit nicely into the DOQ scheme. In all, 63 states are listed in Table I , which is almost 80% of the baryons in the particle data table. We have not, however, included the Ω states, since their spins and parities are not determined. All these baryonic states are plotted in Fig. 2 except for the Ξ sector where there are only three states.
We attempt to identify each baryon state with an appropriate member of a certain multiplet of the SU (6) spin-flavor group. SU (6) multiplets are classified by the representations of the spin-flavor group SU (2) × SU (3). They are denoted as 2S+1 D σ , where the superscript 2S + 1 denotes the spin degeneracy, D represents the dimension of flavor SU (3) representations and σ indicates the symmetry of the spatial wave function, which is either symmetric (S) or mixed symmetric (MS). States which belong to the 56-plet of SU (6) consist of a symmetric spatial part and a symmetric spin-flavor part. They are either 2 8 S or 4 10 S . Similarly, states in the 70-plet consist of a mixed symmetric spatial part and a mixed symmetric spin-flavor part. They are either 2 1 MS , 2 8 MS , 4 8 MS or 2 10 MS . Note that for negative parity states of L = 1, the 56-plet with a symmetric spatial part is not allowed, since it yields a spurious translational motion of the center of mass.
Our identification of states is generally simple. We first attempt to determine an appropriate orbital angular momentum L and spin S according to the observed j P . It turns out that for a given L in many cases there appear two groups of states which are separated by about 200 MeV. (This point is discussed below, together with the second P wave excited states.) We have assigned the lower group as the spin doublet (S = 1/2) and the higher group as the spin quartet (S = 3/2) states. In some cases, such an assignment becomes less obvious. For instance, we cannot 56-plet) or a mixed symmetric (MS for 70-plet) spatial wave function. There are eight states that are classified into the 70-plet in the positive parity sector. Among these, N P 11 (1710), Λ P 01 (1810) and Σ P 11 (1880) are identified with 2 8 MS , while the others are identified with 4 8 MS . Since there are not many 70-plet states, we put both spin doublet and quartet states in the same column in Fig. 2 for N and Λ sectors. This is why we omit the superscript 2 or 4 in the labels.
In Fig. 2 , we do not display the absolute values of masses. This is crucially important for finding the remarkably simple systematics in the SU (3) baryon spectrum which fits to the DOQ scheme.
We have performed the following manipulations: • All excited masses are measured, not from the mass of the nucleon N (939), but rather from the ground states of the corresponding spin-flavor channel. This removes the flavor dependence expected from the celebrated Gell-Mann-Okubo (GO) mass formula. 5) In doing this, we expect that the major part of the flavor dependence of the excited masses is accounted for by the GO formula. 
The excitation energy of this state, 2600 − 938 ∼ 1700 MeV, is substantially less than the corresponding DOQ energy,
There is a possibility of having an intruder of an (N = 3, L = 5) oscillator state in the DOQ framework, which comes down below the (N = 1, L = 5) state. 22) 
∆(1930)
This state is totally outside of the DOQ scheme. There are works on this state by Cutkosky and Hendrick 23) and Bowler et al., 24) where the possibility of a quark-gluon hybrid state is discussed. §4. Summary and discussion
We have systematically studied all the existing data of the SU (3) baryons in the scheme of the deformed oscillator quark (DOQ) model. The DOQ model was inspired by the energies of known baryons of the nucleon and Λ groups. The confine-ment is represented by a deformed harmonic oscillator potential, and the oscillator parameters are fixed by energy minimization with the volume conservation condition. This procedure results in large deformations for excited baryons. In a system of three valence quarks, when one of the three quarks enters an excited state, the system naturally tends to stretch in the direction of the excitation to lower the total energy. Once there appear deformed baryons, there should appear rotational states on top of the deformed intrinsic states. Hence, a unique baryon spectrum is predicted in the DOQ model with a single parameter ω 0 , which has been fixed by the energy difference between the ground state and the first 1/2 + excited states corresponding to the Roper.
As a result, we have found that most of the 50 three and four star states in the particle data table can fit into the DOQ scheme. Furthermore 13 one and two star states fall into this scheme. This good systematics was achieved by allowing two kinds of energy splittings of order 200 MeV; one is the spin correlation to separate the spin doublet and quartet states, and the other is the splitting between the spatially symmetric and mixed symmetric states.
There are three categories that deviate from the systematics of the DOQ and require comments:
• Λ(1405) and the associated excited states appear below the DOQ energies.
A mixture of meson-baryon scattering states and three-quark states would be important, as strongly suggested by the chiral models for mesons and baryons. Further studies on this state should be exciting. Since our DOQ scheme seems to work quite well, we wonder whether strongly deformed states can be obtained by a microscopic theory. As a simple consideration, we have performed a variational calculation with deformed states for a Hamiltonian in which three valence quarks interact through two-body potentials. A brief description of this calculation is given in the Appendix. We have, however, found only small deformations for all the cases studied. Hence, we conclude that the large deformation needed to explain the experimental spectra based on the DOQ model cannot be obtained by valence quark dynamics with two-body potentials. Instead, we argue that the large deformation is generated by the pressure balance of quark kinetic motion and the confining pressure caused by the non-perturbative gluon dynamics. This claim must be investigated further by working out the non-perturbative gluon dynamics, including the couplings of quarks to gluons.
We acknowledge useful discussions on the baryon spectra with I. Tanihata, K. Ikeda, T. Yamazaki, H. Ejiri and C. Rangacharyule.
Appendix A Variational Study for the DOQ Model
We believe that the deformed baryons are formed by flavor-independent interactions that are related to the color confinement mechanism generated by gluons. In the DOQ model, we have attempted to treat the relevant complicated dynamics using a very simple Hamiltonian with a deformed oscillator potential for confinement. The deformed states are found by performing a variation with respect to the oscillator parameters ω x , ω y and ω z for each excited state N = 0. As a consequence, we have obtained a state-dependent Hamiltonian H(ω, N ) , where the oscillator parameters ω x , ω y and ω z depend on N at the minimum point. This procedure is analogous to the Hartree-Fock method in the many-body problem.
In this appendix, we present the result for a numerical study in which we investigate the origin of the phenomenological success of the DOQ model. Since a full treatment of both the quark and gluon degrees of freedom is still far beyond our present scope, we assume a simple model Hamiltonian with only valence quarks and two-body interactions between them. Our concern is then whether such a simple dynamical system can account for the strongly deformed intrinsic states of the DOQ model. It turns out, however, that the result is negative: such a simple Hamiltonian is not sufficient to produce the deformed states that the DOQ model implies. We have, to some extent, been speculating on this situation, since the DOQ systematics of flavor independence indeed suggest that the relevant dynamics are of a gluon nature. These dynamics are highly non-perturbative. This necessarily requires much more than the present simple treatment.
In order to complete our present discussion, we briefly describe what we have performed. We consider a Hamiltonian for valence quarks with a two-body potential. We choose several calculable potentials for quark confinement, which are written in terms of the internal Jacobi coordinates ρ and λ. Typically, we have considered the following two interactions:
A major difference between (A . 1) and (A . 2) is that in the latter potential (A . 2), there appear couplings between the ρ and λ variables. This is analogous to a quadrupolequadrupole interaction for deformed nuclei. 13) We take the power of the potential to be p = 1, 2, 3 and 4 for our study. The potential with p = 1 is for a linear confinement potential and has been often adopted in the literature. 25 . Then it follows that the potentials for any p have dimensions of energy, and furthermore, that when p = 2 for the harmonic oscillator case, they reduce to the standard form of the harmonic oscillator potential with 3K p=2 = 
